BACKGROUND: The mountain pine beetle, Dendroctonus ponderosae Hopkins (Coleoptera: Curculionidae, Scolytinae), is the most destructive bark beetle in western North America. Dendroctonus ponderosae can be prevented from successfully colonizing and killing individual trees by ground-based sprays of insecticides applied directly to the tree bole. However, the future availability of several active ingredients, including carbaryl which is most commonly used in the western United States, is uncertain. Two novel insecticides, cyantraniliprole [Cyazypyr  -OD (oil dispersion) and Cyazypyr  -SC (suspension concentrate)] and chlorantraniliprole (Rynaxypyr  ), and carbaryl were assayed in both filter paper and topical assays. 
INTRODUCTION
About 8% of forests in the United States are classified at risk (defined as >25% of stand density will die in the next 15 years) to insect and disease outbreaks. 1 The mountain pine beetle, Dendroctonus ponderosae Hopkins (Coleoptera: Curculionidae, Scolytinae), is ranked most damaging of all agents considered. 1 This species ranges throughout British Columbia and Alberta, Canada, most of the western United States and into northern Mexico, and colonizes several pine species, most notably lodgepole pine, Pinus contorta Dougl. ex Loud., ponderosa pine, P. ponderosa Dougl. ex Laws., sugar pine, P. lambertiana Dougl., whitebark pine, P. albicaulis Engelm., and western white pine, P. monticola Dougl. ex D. Don. 2 Dendroctonus ponderosae typically initiates and concentrates attacks in the lower tree bole, facilitating host colonization through the use of aggregation pheromones. 3 A tree is considered 'mass attacked' when sufficient numbers of beetles are present to overcome host tree defenses. Partial attacks, often referred to as 'strip attacks', may occur if sufficient numbers of beetles are not present, and these trees may survive for many years. In brief, tree death occurs by girdling of the phloem (i.e. layers of cells just inside the bark that transport photosynthate within the tree) by both colonizing adults and developing larvae. 3 In the western United States, >5.5 million ha were impacted by D. ponderosae during 2001-2006, 4 while >9 million ha have been impacted in British Columbia, Canada, since 2003. 5 Attacks by D. ponderosae reduce tree growth and hasten decline (as a result of strip attacks), cause tree mortality and subsequent replacement by other tree species and may impact timber and fiber production, water quality and quantity, fish and wildlife populations, recreation, grazing capacity, real estate values, biodiversity, carbon storage, endangered species and cultural resources. Trees located in residential, recreational (e.g. campgrounds) or administrative sites are particularly susceptible to attacks by D. ponderosae as a result of increased amounts of stress associated with drought, soil compaction, mechanical injury or vandalism. 6 Tree losses in these environments pose potential hazards to public safety. Costs associated with hazard tree removal and litigation can be substantial, 7 and property values may be significantly reduced by mortality of adjacent shade and ornamental trees. 8 The value of these trees, the cost of removal and the loss of aesthetic value often justify protecting individual trees with insecticides, particularly during bark beetle outbreaks.
Protection of individual trees from attack by D. ponderosae and other bark beetles in the western United States has historically involved applications of liquid formulations of contact insecticides to the tree bole using hydraulic sprayers. For example, benzene hexachloride, fenitrothion and chlorpyrifos were registered for this use, but all three registrations have been canceled or withdrawn. Several pyrethroids (e.g. permethrin and bifenthrin) are registered and effective for protecting individual trees from attacks by bark beetles, but generally provide protection for a period of ≤1 year with a single application. 6,9 -11 Several researchers have reported that carbaryl is still one of the most effective, economically viable, and ecologically compatible insecticides available for protecting individual trees from bark beetle attack in the western United States, 10 and generally provides protection for a period of 2 years with a single application. 6, 10, 11 As a result, carbaryl is commonly used to protect trees from attacks by D. ponderosae, but its use on trees is continually being challenged, and it is uncertain how long carbaryl will retain registration for this use. This situation emphasizes the need for assuring that effective insecticide treatments are available for protecting individual trees from bark beetle attacks. As these tools are applied in a preventive manner (i.e. in order to prevent tree mortality by protecting trees prior to attack), bark beetles must be killed or incapacitated quickly before successful tree colonization and girdling of the phloem tissue occurs.
The objective of this study was to determine the toxicity to D. ponderosae adults of two novel insecticides, cyantraniliprole (Cyazypyr  ) and chlorantraniliprole (Rynaxypyr  ), which are being considered for future field testing, and carbaryl in both filter paper and topical assays conducted in the laboratory. 
Treatments
Four insecticide treatments and an untreated control were assayed. 
Filter paper assay
A quantity of 1 mL of each solution (e.g. 20 000 mg L −1 carbaryl) was applied with a micropipette to one 9 cm diameter glass microfiber filter disc (Whatman 934-AH, 1.5 µm pore size; ColeParmer, Vernon Hills, IL), stored in a 10 cm diameter sterile polystyrene petri dish (Cole-Parmer) and allowed to dry in a fume hood for 2 h (four insecticide treatments × five concentrations + untreated control = 21 dishes per replicate). Prepared petri dishes (i.e. those containing insecticide-treated and dried glass microfiber filter discs) were stored for later use in airtight plastic bags at 5
• C for ≤7 days, after which time they were discarded. 
Lethal doses
To compare dose assays, a logistic regression model with the probit link from the family of the generalized linear model (GLM) 16, 17 was fitted to the data (number of dead D. ponderosae from ten initial D. ponderosae for each replicate), assuming a binomial distribution. The statistical model for the proportion of dead beetles for each time period (0-6, 0-12, 0-24, 0-48 and 0-72 h; because of the high mortality rates after 72 h, longer time periods were not included in this analysis) is as follows:
where P ij is the probability of mortality at the end of a given period j for treatment i for a given dose, is the cumulative standard normal distribution function, a ij and b ij are the intercept and slope for the respective treatment i and log(dose) is the logarithm of the dose (the log function of the dose improved the fitting). For each time period j and treatment i, LC 50 was calculated as
The SAS NLMIXED procedure was used to estimate the coefficients and compare the LC 50 values among treatments at a given time period. The Bonferroni approach was used for pairwise comparison tests to attain an experiment-wise error rate equal to 0.05.
RESULTS AND DISCUSSION

Survival probability
In the field, the effectiveness of carbaryl for protecting individual trees from D. ponderosae attack has been well established for some time. 6,10,11,18 -22 For example, Shea and McGregor 22 evaluated 0.5, 1.0 and 2.0% carbaryl and found that all concentrations and formulations were effective for protecting P. contorta from D. ponderosae attack for 1 year. In the filter paper assay, no significant differences were found in survival probability between 20 000 mg L −1 carbaryl (i.e. the maximum label rate typically used in commercial applications, hereafter referred to as the internal standard) and other concentrations of carbaryl until the concentration was reduced 1000× (20 mg L −1 ) ( Table 1) . The survival of D. ponderosae exposed to 20 mg L −1 of carbaryl was >70% at 24 h (Fig. 1) and was not significantly different from the untreated control (Table 1 ). In the topical assay there was no significant difference in survival probability between the internal standard and 200 000 mg L −1 of carbaryl, but there was significantly higher survival probability with carbaryl concentrations of ≤2000 mg L −1 compared with the internal standard ( Table 1) . Survival probabilities of D. ponderosae exposed to ≤20 mg L −1 of carbaryl in topical assays was >85% at 24 h (Fig. 2) . When compared with the untreated control, D. ponderosae exposed to carbaryl residues of ≥2000 mg L −1 in the topical assay had significantly lower survival probability (Table 1) . While significant data exist on the effectiveness of carbaryl for protecting individual trees from attack by D. ponderosae, these are the first data detailing its toxicity to D. ponderosae in laboratory assays. Results from the filter paper assays suggest that lower concentrations than the internal standard (100× lower, 200 mg L −1 ) could be considered for field testing, but this is not supported by the topical assays (where lower concentrations exhibited significantly higher survival probabilities).
Cyantraniliprole is believed to hold great promise for insect control, based on its properties of improved plant mobility, significant activity on Lepidopteran pests and an increased spectrum of activity that is known to include members of Hemiptera. 23 However, no data have hitherto been published on its effectiveness for controlling forest Coleoptera, probably because the chemistry was only recently developed. Similar trends were observed for cyantraniliprole OD (as compared with the internal standard) in both filter paper and topical assays (Table 1) . Cyantraniliprole OD had significantly higher survival probability than the internal standard at concentrations of ≤50 mg L −1 (Table 1) . Survival rates of D. ponderosae exposed to ≤5 mg L −1 in filter paper assays were >60% at 24 h (Fig. 1) . No significant difference was observed between the internal standard and ≥500 mg L −1 of cyantraniliprole OD. In the filter paper assay,
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Pest Manag Sci 2011; 67: 548-555 and is in the public domain in the USA concentrations of ≥50 mg L −1 of cyantraniliprole OD had lower survival probability than the untreated control, while in the topical assay the 50 mg L −1 concentration was not significantly different from the untreated control (Table 1 ). In the topical assay, D. ponderosae exposed to concentrations of ≤50 mg L −1 had survival rates of >85% at 24 h (Fig. 2) . In both assays, cyantraniliprole SC had significantly higher survival probability than the internal standard in all concentrations but 5000 mg L −1 ( Table 1, Figs 1 and 2 ). When compared with the untreated control, cyantraniliprole SC had lower survival probability at concentrations of ≥5 mg L −1 in the filter paper assay, but only at concentrations of ≥500 mg L −1 in the topical bioassay. In the topical assay, D. ponderosae exposed to concentrations of ≤50 mg L −1 had >85% survival at 24 h (Fig. 2) . While the toxicity of chlorantraniliprole to Lepidoptera is becoming well documented, 24, 25 few data are published on its effect on Coleoptera. A recent study 26 reported that surface drenches of chlorantraniliprole significantly reduced the number of black vine weevil, Otiorhynchus sulcatus (F.) (Coleoptera: Curculionidae), larvae in Sedum plants by 92% compared with the untreated control, but was ineffective for controlling adults. In the present study, chlorantraniliprole had significantly higher survival probability than the internal standard at all concentrations evaluated in the filter paper assay, and in all but the highest concentration (5000 mg L −1 ) in the topical assay. When compared with the untreated control, chlorantraniliprole had significantly lower survival probability at concentrations of ≥50 mg L −1 in the filter paper assay, but only the highest concentration was significantly different from the untreated control in the topical assay (Table 1) . Survival rates of D. ponderosae exposed to ≤500 mg L −1 in topical assays were >80% after 24 h (Fig. 2) . These results suggest that, while chlorantraniliprole and cyantraniliprole have similar modes of action, the latter holds greater promise for controlling D. ponderosae adults and for protecting individual trees from D. ponderosae attack.
Comparisons of LC 50
In the filter paper assay, mean LC 50 values ranged from 3.0 to 132.9 mg L −1 for cyantraniliprole SC (24 h) and carbaryl (12 h) respectively (Table 2 ). In the topical assays, mean LC 50 values ranged from 141.5 to 6298.9 mg L −1 for cyantraniliprole OD (24 h) and chlorantraniliprole (12 h) respectively (Table 2) . Cyantraniliprole OD and cyantraniliprole SC had the lowest LC 50 estimates, and only differed from one another in the 12 h topical assay analysis, in which the oil dispersed (OD) formulation was more toxic to D. ponderosae. The oil dispersed formulation may have allowed better adherence of cyantraniliprole to the beetle's venter and/or enhanced penetration of the active ingredient through the insect cuticle, thereby increasing toxicity in the topical (12 h) assay. On the other hand, LC 50 values for carbaryl and chlorantraniliprole were not significantly different, but carbaryl had significantly higher LC 50 values than cyantraniliprole OD in all analyses (Table 2) . Chlorantraniliprole had the highest LC 50 estimates of all treatments (Table 2 ).
Differences due to gender
In D. ponderosae, host colonization is initiated by females and mediated through aggregation pheromones 27 -29 
and host
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This article is a US Government work wileyonlinelibrary.com/journal/ps and is in the public domain in the USA Figure 1 . Survival probability curves for Dendoctronus ponderosae for carbaryl, cyantraniliprole (Cyazypyr) and chlorantraniliprole (Rynaxypyr) in the filter paper assay, Placerville, California.
kairomones. In this regard, it is obvious that, when evaluating tools for protecting trees from D. ponderosae attack, gender effects may be important. The results in the present analyses with respect to gender were inconsistent. In the filter paper assay there were significant differences in LC 50 estimates owing to gender for cyantraniliprole OD and chlorantraniliprole, with males being more sensitive than females (lower LC 50 estimates) in both cases (Table 3) . However, in the topical assay, no gender effects were observed (Table 3) . D. ponderosae encounters toxicants during host colonization, and therefore that lower concentrations of carbaryl (e.g. 2000 mg L −1 ) should be evaluated in the field. The experimental formulations of cyantraniliprole and chlorantraniliprole evaluated here all proved lethal to D. ponderosae in both filter paper and topical assays at concentrations within the present test range, including concentrations as low as 5 mg L −1 in the filter paper assay. While cyantraniliprole and chlorantraniliprole have similar modes of action, cyantraniliprole OD appears to have greater promise for protecting individual trees from mortality attributed to D. ponderosae attack and should be evaluated in the field as an alternative to the insecticides that are currently registered. Results from the filter paper assay suggest that concentrations of 50-500 mg L −1 are expected to cause significant (Fig. 1) mortality of D. ponderosae adults within 24 h. This is important, as beetles must be killed or incapacitated quickly before successful host colonization occurs. 
CONCLUSION
